Assessment of deceased-donor organ quality is integral to transplant allocation practices, but tools to more precisely measure donor kidney injury and better predict outcomes are needed. In this study, we assessed associations between injury biomarkers in deceased-donor urine and the following outcomes: donor AKI (stage 2 or greater), recipient delayed graft function (defined as dialysis in first week post-transplant), and recipient 6-month eGFR. We measured urinary concentrations of microalbumin, neutrophil gelatinaseassociated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), IL-18, and liver-type fatty acid binding protein (L-FABP) from 1304 deceased donors at organ procurement, among whom 112 (9%) had AKI. Each biomarker strongly associated with AKI in adjusted analyses. Among 2441 kidney transplant recipients, 31% experienced delayed graft function, and mean6SD 6-month eGFR was 55.7623.5 ml/min per 1.73 m 2 . In analyses adjusted for donor and recipient characteristics, higher donor urinary NGAL concentrations associated with recipient delayed graft function (highest versus lowest NGAL tertile relative risk, 1.21; 95% confidence interval, 1.02 to 1.43). Linear regression analyses of 6-month recipient renal function demonstrated that higher urinary NGAL and L-FABP concentrations associated with slightly lower 6-month eGFR only among recipients without delayed graft function. In summary, donor urine injury biomarkers strongly associate with donor AKI but provide limited value in predicting delayed graft function or early allograft function after transplant.
For patients with ESRD, kidney transplantation provides longer survival and better quality of life at lower cost than chronic dialysis. [1] [2] [3] The number of kidney transplants from deceased donors increased from 7639 in 1994 to 11,570 in 2014. 4 This growth was achieved, in part, by using expanded criteria donor kidneys, which have shorter allograft survival because of donor age and comorbidities, 5 and by using kidneys donated after circulatory determination of death, which commonly have prolonged warm ischemia and delayed graft function (DGF). 6 Despite this growth, .100,000 patients are waiting for kidney transplants, and .4000 die each year on the wait-list. 7 Additionally, the greater procurement of lower quality kidneys has increased kidney discard rates and recipient complications among kidneys transplanted. 8 These facts reveal the need to expand the pool of donated kidneys and for new tools to identify viable kidneys for transplantation.
Allograft quality may be jeopardized in the donor because of undiagnosed CKD, the traumatic events leading to donor death, the inflammatory milieu of brain death, or hemodynamic instability and nephrotoxic insults during hospitalization. Injury of the kidney during shipping, machine perfusion, or implantation may also harm allografts. 9 Currently, transplant centers make use of the kidney donor profile index (KDPI), which includes donor age, terminal serum creatinine, and other characteristics to predict allograft survival. 10 In some cases, organ procurement organizations (OPOs) and transplant centers use kidney biopsy histopathology and machine perfusion parameters to assess kidney quality. However, these characteristics do not fully capture the severity of kidney injury and have limited accuracy in predicting post-transplant function. [10] [11] [12] [13] In the context of substantial limitations to allograft quality assessment, donor urinary biomarkers offer potential advantages as precise measures of kidney injury that can be rapidly and reproducibly measured. Urinary biomarkers, such as neutrophil gelatinase-associated lipocalin (NGAL), kidney injury molecule-1 (KIM-1), IL-18, and liver-type fatty acid binding protein (L-FABP), have been shown to be accurate markers of ischemic kidney injury in diverse experimental and clinical settings, 14, 15 whereas urinary albumin is used clinically to assess for presence and severity of CKD. 16 Our group previously showed that higher urinary NGAL and IL-18 levels in deceaseddonor kidney recipients on the first post-transplant day were associated with higher DGF rates and poor allograft function by 12 months. 17, 18 However, assessing kidney injury in deceased donors, rather than in the early post-transplant period, would have advantages in that this information could inform allograft selection and early perioperative recipient management.
Therefore, the aims of this prospective, multicenter study were to evaluate whether deceased-donor urinary biomarkers were associated with (1) donor AKI, (2) DGF among kidney transplant recipients, and (3) allograft renal function at 6 months after transplantation.
RESULTS
The cohort was comprised of 1304 deceased donors and 2441 kidney transplant recipients. Figure 1 shows the cohort generation. As shown in Table 1 14 .02) for L-FABP. To examine whether associations of biomarkers with donor AKI were affected by urine dilution, we performed secondary analyses in which biomarker concentrations were divided by urine creatinine concentration. Supplemental Table 1 shows that these associations remained consistent when the biomarkers were indexed to urinary creatinine. Table 2 shows kidney transplant recipient characteristics. Mean age6SD was 53615 years, 61% were men, and 39% were black race. Thirty-one percent experienced DGF. By the 6-month follow-up, 89 (4%) recipients had experienced allograft failure, and 73 (3%) died. Mean 6-month eGFR was 55.7623.5 ml/min per 1.73m 2 . Figure 1 . Enrollment of deceased kidney donors and recipients into the study cohort.
Recipient Outcomes
As shown in Supplemental Table 2 , the concentrations of all five donor biomarkers were higher among recipients with DGF versus recipients without DGF. Table 3 shows that in fully adjusted analyses, higher donor urinary NGAL concentration remained significantly associated with recipient DGF with a RR of 1.21 (95% CI, 1.02 to 1.43) for highest versus lowest tertile of urinary NGAL concentration. For KIM-1, in fully adjusted analyses, the association with recipient DGF was only significant for the middle biomarker tertile. Supplemental Table 3 shows that changes in the area under the curve, the net reclassification improvement, and the integrated discrimination improvement statistics were small and nonsignificant after the addition of urinary biomarkers to models predicting DGF. Supplemental Table 4 shows associations of creatinineindexed urinary biomarkers with DGF.
DGF was associated with lower 6-month eGFR. As shown in Supplemental Table 5 , compared with recipients without DGF, recipients with DGF had an eGFR that was 11.53 ml/min per 1.73 m 2 lower at 6 months in unadjusted analyses and 7.53 ml/min per 1.73 m 2 lower in analyses adjusted for donor, transport, and recipient variables.
In unadjusted models, DGF modified associations between four donor urinary biomarkers and recipient 6-month eGFR; the interaction was not statistically significant for KIM-1 (P values for biomarker3DGF interaction: microalbumin, P=0.02; NGAL, P,0.001; KIM-1, P=0.29; IL-18, P=0.01; L-FABP, P=0.01). Figure 2 shows differences in observed 6-month eGFR across donor biomarker tertiles for recipients stratified by DGF status. For recipients without DGF, there was a general pattern of lower 6-month eGFR as biomarker concentration tertiles increased. For recipients with DGF, the opposite pattern manifested for all biomarkers except KIM-1. As urinary biomarker tertiles increased, 6-month eGFR was higher.
Supplemental Table 6 shows fully adjusted linear regression models for the outcome of 6-month eGFR for recipients without DGF. After adjustment for donor characteristics other than terminal serum creatinine, patients without DGF who received kidneys with the highest tertile of NGAL concentration had -3.15 ml/min per 1.73 m 2 (95% CI, -5.81 to -0.50) eGFR compared with kidneys with the lowest concentration of NGAL. Non-DGF recipients of kidneys with the highest tertile of L-FABP concentration had -3.56 ml/min per 1.73 m 2 (95% CI, -6.30 to -0.83) eGFR compared with kidneys with the lowest concentration of L-FABP. However, these associations were not significant after further adjustment for donor terminal serum creatinine and recipient characteristics.
Supplemental Table 7 shows that among recipients with DGF, higher donor urinary concentrations (analyzed as tertiles) were not associated with recipient eGFR. Finally, Supplemental Figure 2 displays spline plots showing the association of recipient eGFR and donor urinary biomarkers across their entire distributions.
DISCUSSION
Assessment of organ quality is of paramount importance to efficient organ allocation and informed consent for recipients; however, tools to predict outcomes after kidney transplantation have considerable limitations. In this prospective multicenter study, urinary biomarkers measured in deceased donors at organ procurement were highly associated with donor AKI. Higher donor urinary NGAL was associated with a modestly increased RR of recipient DGF. At 6 months after transplantation, however, donor urinary biomarkers added minimal value in predicting recipient allograft function. These findings suggest that new efforts to profile deceased-donor kidney quality should not focus exclusively on ischemic kidney injury biomarkers at organ procurement or should consider injury at later time points, such as during organ transport or at reperfusion. It is still possible that other markers than the ones tested here are able to predict long-term renal function.
This research was motivated by a strong conceptual model that donor AKI could affect post-transplant kidney allograft outcomes. In the nontransplant population, AKI is strongly associated with long-term outcomes, including CKD, ESRD, and death. 19 Recent research in cardiac surgery has revealed that subclinical kidney injury (defined as patients who do not meet conventional AKI criteria according to serum creatinine, but have high urinary biomarker concentrations) is associated with lower survival. 20 In transplantation, severe forms of ischemic kidney injury resulting in DGF are also associated with adverse long-term outcomes, including .40% increased risk of graft loss at 1 year compared with the absence of DGF. 21 Early kidney allograft injury leads to immune cell infiltration and proinflammatory cytokine release, which likely primes the alloimmune response (increasing the risk of acute and chronic rejection) and drives interstitial fibrosis, tubular atrophy, and glomerulosclerosis, ultimately resulting in functional kidney impairment and premature allograft failure. 22 A range of urine biomarkers have been identified to detect specific regions of nephron damage. As an example, NGAL is expressed at very low levels in the distal tubule and is induced in stimulated epithelia. NGAL predicted AKI during cardiac surgery and in an emergency department and was also associated with severity of polycystic kidney disease, IgA nephropathy, and cardiovascular disease. [23] [24] [25] [26] In a previous study from our group, elevated urine NGAL concentrations among kidney transplant recipients on the first posttransplant morning predicted DGF and poor allograft function at 1 year. 17, 18 This study showed a very robust association between all five donor urinary biomarkers and donor AKI. Notably, across the AKI and non-AKI groups of donors, the urinary NGAL and IL-18 concentrations were higher than those reported in a recent study that measured these biomarkers in a population of stable hospitalized patients awaiting cardiac surgery. 27 These high concentrations of injury biomarkers are plausible given the multiple potential pathways for kidney injury that often characterize the events preceding deceased kidney donation, including the traumatic episode surrounding brain injury, which may include hypotension and exposure to nephrotoxins (e.g., contrast, antibiotics) during the donation hospitalization.
Our finding of a modest association between donor urinary NGAL and recipient DGF (RR of 1.19 for highest versus lowest tertiles of NGAL) should be considered in the context of prior research. In a cohort of 99 deceased donors and 176 kidney transplant recipients, Hollmen et al. found NGAL measured in deceased-donor urine samples did not predict DGF as defined by any dialysis in the first week of transplant, but higher donor urine NGAL concentrations were associated with a longer duration of post-transplant dialysis and lower 1-year allograft survival. 28 A potential explanation for the contrasting findings is that our cohort had substantially greater power to detect the association with DGF. We also did not have detailed data on duration of post-transplant dialysis in the entire cohort, precluding our ability to examine DGF severity.
In this cohort, donor urinary biomarkers provided little value in predicting recipient eGFR at 6 months. In stratified analyses, donor urinary L-FABP and NGAL were associated with slightly lower eGFR at 6 months, but these associations were only present among recipients without DGF and were no longer evident after adjustment for transport and recipient variables. These findings do not support our original conceptual model, which proposed that donor AKI would lead to recipient DGF and worse allograft function particularly in kidneys with DGF.
To explain the lack of association between urinary biomarkers and 6-month eGFR in the setting of DGF, we hypothesize that donor AKI could provide limited protective effects through ischemic preconditioning and upregulation of anti-ischemic regulatory proteins in clinical settings that result in DGF. 29, 30 This explanation would support the pattern of higher observed eGFRs associated with higher donor urinary biomarkers among recipients with DGF (shown in Figure 2) , which is the opposite pattern observed among recipients without DGF who might benefit less from ischemic preconditioning. Alternatively, associations between donor injury biomarkers and recipient eGFR may be confounded by greater discard rates for kidneys at risk for DGF and subsequent adverse outcomes. Finally, a robust body of evidence has shown that DGF is a manifestation of ischemia-reperfusion injury that activates diverse biologic pathways after transplantation, including cell death programs, stimulation of innate and adaptive immune mechanisms, and clinical decisions, including changes in immunosuppression and dialysis treatment that may lead to further injury (e.g., through hypotension). 9 These post-transplant events are difficult to measure and could mask the association between donor biomarkers and eGFR. Therefore, it may be that by 6 months, the limited adverse effects of donor AKI (as manifested by biomarkers) are only evident in recipients who do not experience DGF.
We acknowledge study limitations. We only measured urinary biomarkers at the time of organ procurement; however, donors could have experienced kidney injury at earlier points during the hospitalization, and injury biomarker levels might have declined before procurement surgery. Donors may receive aggressive fluid resuscitation or otherwise have dilute urine caused by diabetes insipidus, leading to dilution of biomarkers. To address this possibility, we examined urinary biomarker concentrations indexed to urinary creatinine. Similar to unindexed analyses, creatinine-indexed concentrations of microalbumin and NGAL revealed strong associations with donor AKI. Because we measured the urinary biomarkers just before organ procurement, the biomarkers would also not capture injury during the agonal phase of donation after cardiac death. We did not assess biomarkers in recipients post-transplantation, limiting our ability to assess reperfusion injury or patterns of injury across the entire donorto-recipient spectrum of care. 31 As with other observational studies, unmeasured confounding of associations between donor biomarkers and the outcomes are possible. For example, recipient immune responses to the allograft, such as the generation of de novo donor-specific antibody, will plausibly affect the outcome of 6-month recipient allograft function, 32 but we do not have data about immune activation.
These results may illuminate productive new research directions. The high prevalence of donor kidney injury suggests the potential for improved donor management strategies to protect donors from kidney injury during hospitalization. However, consistent with work by our group and others, we find only minor adverse effects of donor AKI on posttransplant recipient outcomes. 33, 34 This study provides additional evidence that transplantation using deceased-donor kidneys with AKI often leads to good allograft function and that transplant centers should consider acceptance of these kidneys. On the other hand, the development of better tools to profile donor kidney quality and extend the survival of transplanted kidneys remains a high priority for the field of transplantation. New research may instead focus on variation in mechanisms involved in recovery from injury, such as repair pathways, fibrogenesis, or alternatively, events at the time of reperfusion, which may generate substantial inflammation or immune activation.
In conclusion, this large prospective study showed that deceased-donor urinary biomarkers were strongly associated with donor AKI. However, these donor injury biomarkers had limited utility to predict outcomes among kidney transplant recipients.
CONCISE METHODS
The investigator team worked with five OPOs (Gift of Life Donor Program, Philadelphia, PA; New Jersey Sharing Network, New Providence, NJ; Gift of Life Michigan, Ann Arbor, MI; New York Organ Donor Network, New York, NY; and New England Organ Bank, Waltham, MA) that collected urine samples from deceased donors at the time of organ procurement between May 2010 and December 2013. The cohort was comprised of donors at least 16 years of age (if at least one kidney underwent transplantation) whose surrogates provided consent for research and the recipients of these kidneys.
OPO personnel followed institutional protocols for managing donors. The study was approved by OPO scientific review committees and institutional review boards for the investigators.
Data Sources
To ascertain donor and recipient characteristics and outcomes, we linked study databases to the United Network for Organ Sharing (UNOS) database. UNOS data were supplied by the Organ Procurement and Transplantation Network (OPTN). The OPTN data system includes data on all donor, wait-listed candidates, and transplant recipients in the United States, submitted by the members of the OPTN, and has been described elsewhere. 35 The Health Resources and Services Administration, U.S. Department of Health and Human Services provides oversight to the activities of the OPTN contractor. Through review of OPO charts, we augmented donor data with additional important elements, including admission serum creatinine.
Donor AKI was defined on the basis of admission to terminal serum creatinine (irrespective of time between measurements or urine output) as $2-fold increase. 36 This increase corresponds to at least stage 2 AKI according to the AKI Network. 36 Recipient outcomes were ascertained using data submitted by transplant centers to UNOS through routine post-transplant forms. DGF was defined as dialysis in the first week after transplantation. The outcome of recipient 6-month eGFR was calculated with the Chronic Kidney Disease Epidemiology Collaboration equation and using the serum creatinine reported in the UNOS 6-month follow-up form. 37 Few recipients experienced graft failure (defined as return to chronic dialysis or retransplantation) or death before 6 months. For recipients with graft failure, we imputed 6-month eGFR as 10 ml/min per 1.73 m 2 . For recipients who died with a functioning allograft, we carried forward the last available serum creatinine to calculate 6-month eGFR.
Biomarker Measurement
There were 10 ml of fresh donor urine collected from the indwelling urinary catheter tube in the operating room just before organ procurement and transported on ice to the individual OPOs and stored at 280°C until monthly batch shipments to the Yale University Biorepository. The median time from collection of urine base samples to freezing was 6.3 hours (interquartile range, 4.9-8.0). On the basis of prior work from our group, urinary biomarkers measured for this study should remain stable for .24 hours. 38 Samples were then processed following a single controlled thaw, separated into 1-ml barcoded aliquots, and stored at 280°C. Urine NGAL measurement was performed with the Architect platform (Abbott Diagnostics). Urinary KIM-1 and IL-18 were measured using the Meso Scale Discovery platform (Meso Scale diagnostics, Gaithersburg, MD), which uses electrochemiluminescence detection combined with patterned arrays. Urine L-FABP was measured by a new approach used in clinical chemistry analyzers, on the basis of latex-enhanced immunoturbidimetry with anti-human L-FABP mouse monoclonal antibodies (Sekisui Medial). Urine albumin was measured using the RxDaytona immunoturbidimetry assay (Randox Laboratories, Boston, MA).
Supplemental Figure 2 provides further information about assays for biomarker measurement.
Statistical Analyses
Descriptive statistics were reported as mean6SD or median (interquartile range) for continuous variables and as frequency (%) for categorical variables. For comparisons of categorical attributes between groups, we used chi-squared or Fisher exact tests as appropriate. Continuous variables were compared with a Wilcoxon rank-sum test. For each biomarker, we empirically divided the donors into tertiles of approximately equal size. We calculated the kidney donor risk index (KDRI) 10 and converted KDRI, as per convention, 39 to obtain the KDPI. We fit multivariable modified Poisson regression models to estimate the RR between donor urinary biomarkers and donor AKI. 40 These models were adjusted for donor variables the KDRI includes, including age (years), height (cm), weight (kg), race (black/nonblack), history of hypertension, history of diabetes, hepatitis C serostatus, stroke as cause of death, and determination of death status. These models were not adjusted for donor terminal serum creatinine because change in creatinine defines the AKI outcome.
We also fit multivariable modified Poisson regression models to estimate the RR of DGF associated with donor urinary biomarkers. Subsequently, we fit multivariable linear regression models to test for associations between recipient DGF and 6-month recipient eGFR and between donor biomarkers and 6-month recipient eGFR.
All regression analyses involving recipient outcomes were clustered at the level of the kidney donor. Models were first adjusted for the KDRI variables previously listed. The second model also adjusted for terminal serum creatinine. The third model additionally adjusted for recipient variables of age, race, sex, prior kidney transplant, diabetes as cause of ESRD, pretransplant blood transfusion, panel reactive antibody, human leukocyte antigen mismatch, body mass index (kg/m 2 ), pretransplant dialysis status (i.e., preemptive transplantation versus dialysis before transplantation), and organ transport variable of cold ischemia time (hours). Therefore, the third models adjusted for donor, recipient, and transport attributes, all of which are important to discern an independent relationship between donor urinary biomarkers and recipient outcomes.
For analyses of the outcome of DGF, we calculated the change in area under the curve, the net reclassification improvement, and the integrated discrimination improvement after the addition of urinary biomarker levels to the clinical model composed solely of donor characteristics. 41 In the net reclassification improvement analysis, risk categories were defined as low (,5%), medium (5%-10%), or high (.10%) risk.
For analyses of eGFR, we fit prespecified stratified models according to recipient DGF status and performed tests for effect modification between donor biomarkers and DGF on 6-month eGFR.
Analyses were completed using SAS 9.3 software for Windows (SAS Institute, Cary, NC) and R 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria). All statistical tests were two-sided with a significance level of ,0.05.
